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Abstract— Options for RFID tag tracking and localization are an 
essential asset for future high performance RFID reader systems. 
A reader with long reading range, high reading rate and multi-
tag capability should be able to assist the user to find / retrieve 
tags, to create spatial object maps and to restrict the reading 
range to specific regions of interest. In this paper we introduce a 
novel method for RFID tag tracking with a moving – for example 
handheld – reader. An inertial measurement unit (IMU) is used 
to characterize the handheld trajectory. Contrary to approaches 
where IMU locations are reconstructed via double integration of 
the acceleration data, our novel technique only uses acceleration 
data without knowledge of the actual antenna locations. 
Inexpensive, standard inertial sensors can be used in this 
approach, and the usual drift and offset issues associated with 
IMU-based positioning are avoided. Parallel to the IMU 
acceleration data, the phase of the backscattered RFID signal is 
input. Double differentiation of the signal phase yields a second 
acceleration data set. By comparing the IMU and the RFID signal 
phase acceleration data, the direction of arrival of the RFID 
signal is estimated using a quasi-spatial optimal filter. This paper 
introduces the novel RFID tracking approach and illustrates its 
capability with numerical simulations and experimental results. 
This novel approach is a simple, yet promising, solution which 
can be implemented in any handheld reader and will improve its 
functionality considerably. 
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I. INTRODUCTION 

While the extensive reading ranges of today’s UHF RFID 
systems open up new opportunities, they also pose new 
challenges: like avoiding false positive readings and isolating 
and scanning the tag of interest in large tag populations. Thus 
RFID localization has become an area of intense interest [1]. 
Different approaches known from other wireless localization 
systems can also be applied to RFID systems. Received signal 
strength for example has been investigated extensively [2]. But 
RSS-based methods suffer severely from distortions in the 
propagation channel. Methods to mitigate these effects have 
been developed, e.g. the use of reference tags [3].  

More recently, several methods based on phase evaluation 
have been proposed. Modern RFID readers provide the phase 
information of the backscatter signal, which can be used to 
detect relative movements and for direction of arrival 
estimation [4]. Absolute tag distances can be measured by 
utilizing more than one carrier frequency [5]. The overall 

bandwidth of multi-frequency approaches is restricted by 
regulations. This makes precise and reliable ranging a 
challenging task, especially in multipath environments [6]. 
Multiple angles of arrival (AoA) can be obtained from phase 
measurements with antenna arrays. Subsequently the tag 
location can be retrieved by multi-angulation [7]. Coherent 
superposition of phase values measured with a single antenna 
at multiple locations and at different times, forming a synthetic 
aperture is another option [8]. Utilizing synthetic apertures for 
RFID localization is a promising approach since the resulting 
resolution is significantly higher compared to ordinary antenna 
arrays. Localization systems based on synthetic apertures are 
known from [9] and [10]. Absolute or relative positioning, or 
combinations of both, can be used to determine the antenna 
trajectory [11]. A combination of those two methods is 
beneficial in order to achieve short, as well as long-term, 
accuracy of the determined locations [12]. 

Determining the locations of a freely moving antenna is 
nonetheless a challenging task. In phase-based remote sensing 
technologies, antenna position errors have to be significantly 
below the wavelength of the carrier signal to ensure the 
recorded data is coherently processed. 

In [9-12] inertial measurement units are proposed to 
retrieve positional information. An inertial measurement unit 
measures accelerations and rotations in 3D space. It provides 
high quality short-term positional information but accumulates 
errors due to the integration of the sensor data. For this reason 
low-cost IMUs with high random errors can be a critical factor 
in a system using a synthetic aperture. 

Figure 1. Block diagram of sensors and associated signal processing 
of the proposed direction finding method. 
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In this paper we propose a new phase-based method which 
utilizes a synthetic aperture – characterized only by the 
accelerations of a single moving antenna without calculating 
the antenna locations – thus avoiding errors introduced by 
integrating antenna acceleration data. The phase acceleration 
between interrogator and transponder is determined by double 
differentiation of the measured phase values. It is subsequently 
evaluated with respect to the physical antenna accelerations, 
see Fig. 1. 

The theoretical approach and associated simulation results 
are presented first, followed by error discussions and the 
measurements conducted. 

II. ARRAY DEFINITION, INERTIAL NAVIGATION AND 

GEOMETRIC RELATIONS 

A synthetic antenna aperture is typically formed out of a 
single antenna element which gathers signals at different 
positions ,a ir

�

at times it with 1,2,...,i n∈ in a time interval T.  

The higher order differentiates of the antenna positions, 
such as the antenna velocities ,a iv

�

and the antenna accelerations
,a ia

�

contain additional information about the properties of the 
synthetic aperture. The accelerations are of particular interest in 
the technique proposed in this paper. 

The antenna accelerations ,a ia
�

in a time invariant inertial 
coordinate system (i-frame) can be derived from the antenna 
accelerations ,

b
a ia
�

and the angular velocities ,b
iω
�

measured by an 
IMU in the body fixed coordinate system (b-frame) [13]. For 
an IMU update rate that is high compared to the rate of change 
of b

iω
�

, the change of attitude iσΔ
�

between both coordinate 
systems in a single time interval can be approximated by 
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i i i it tσ ω −Δ ≈ ⋅ −
��

 
(1)

 
A quaternion iqΔ  is used to represent the corresponding 

rotation during the time interval: 
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The momentary quaternion iq describing the rotation 
between i- and b-frame is given by 

 
1 .i i iq q q−= Δ

 
(3)

 
It is used to transform the measured accelerations into the i-
frame [14]. The initial relationship 0q between both coordinate 
systems can be set to the quaternion (1 0 0 0)T representing no 
rotation. Hence, the i-frame matches the b-frame at the 
beginning of the measurement. However, we still need to 
measure the gravity vector in the i-frame initially in order to 
subtract it correctly from the measured acceleration at all 
timestamps, to obtain only the accelerations that are caused by 
antenna movement. 

With an initial gravity measurement and by evaluating the 
geomagnetic field strength, 0q can be determined in a way that 
the resulting i-frame matches the earth fixed coordinate system 
(e-frame). This is necessary if the tag directions shall be 
obtained in the e-frame. In order to obtain the antenna 
accelerations in the i-frame, the accelerations measured in the 
b-frame are rotated and corrected by the external measurement 
offsets , ,a iaΔ

�

to yield: 
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Fig. 2 shows the system geometry of a synthetic aperture 
with associated values and notations. The geometric center of 
the synthetic aperture is given by the centroid of all sampling 
antenna positions: 
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III. PHASE PROCESSING 

The carrier phase iϕ associated with the distance ,at id
�

between reader antenna and RFID tag and the carrier 
wavelength cλ expressed by 

 
, , ,
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π

ϕ π
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(6)

 

can be measured with the moving antenna attached to a 
standard RFID reader simultaneously to the antenna 
accelerations. 

The phase acceleration between antenna and tag is retrieved 
by taking the second derivative of the unwrapped phase values

iϕ . We use a digital derivative filter that has been adapted to 
the aperture geometry, to the velocity of the antenna 
movement, and to the signal-to-noise ratio of the collected 
phase samples. 

Figure 2. Geometry of the synthetic aperture formed by a moving antenna 
described by positions, accelerations and rotations in the inertial coordinate 

system and the body fixed coordinate system. 
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To apply identical scaling and proportionality to the 
acceleration data scanned by the inertial sensors, the measured 
phase acceleration is expressed in 2m/s and denoted by ,iaϕ : 
thus, according to (6): 

 

2
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.

4
c i

ia
tϕ

λ ϕ

π

Δ
=
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(7)

 

It should be noted, that the value margin that is limited to 
[0,2 ]π when evaluating phase values, is expanded to an 
unlimited value margin for the phase accelerations. This has 
advantages for the array signal processing since the ambiguous 
angles resulting from a single phase acceleration value are 
significantly reduced. 

IV. DIRECTION FINDING METHOD 

The proposed method is designed to determine the direction 
of the vector C

at t ad r C= −
� �

�

 pointing from aC
�

towards the 
coordinates of the transponder at tr

�

. The measured phase 
accelerations ,iaϕ ideally match the projection of the negative 
antenna accelerations onto the vector ,at id

�

: 
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For a large distance between tag and antenna compared to 
the biggest span L of the synthetic aperture perpendicular to C

atd
�

(Fig. 3), , ,/at i at id d
�

can be approximated by /C C
at atd d
�

with
C C
at atd d=

�

: 
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This approximation is an essential feature of the proposed 
method since no antenna positions are calculated or used in the 
AoA derivation. The AoA calculation just assumes that the 
antenna is defined in a single position at C

atd
�

with n different 
antenna accelerations. 

Based on (9), the proposed method forms direction-
dependent hypotheses for the phase accelerations. Therefore 
the negative measured antenna acceleration vectors ,a ia−

�

are 
rotated around the axes of the inertial coordinate system and 
projected onto a unity vector w

�

. The hypotheses for all possible 
rotations are given by 

 
,hypo, ,( , , ) ( ( ) ( ) ( ) ),i x y z z z y y x x a ia w aϕ γ γ γ γ γ γ= − ⋅ R R R

� �

 
(10) 

with , ,x y zR being the rotation matrices for rotations around the 
three i-frame axes by the angles , ,x y zγ . We choose (1 0 0)w =

�

and reduce the rotations by setting 0xγ = , [0,2 ]yγ π∈ and
[ , ].zγ π π∈ − The angles yγ and zγ now represent Azimuth and 

Elevation in the i-frame and are sufficient to rotate all ,a ia
�

in any 
direction. 

Substituting w
�

and , ,x y zR , (10) can be simplified to: 
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The least squares method, which corresponds to a spatial 
optimal filter for a Gaussian error model, is used to test the 
hypotheses. The squared differences between ,iaϕ and 

,hypo, ( , )i y zaϕ γ γ are summed over all n timestamps for all 
possible rotation angles. The target function I which has to be 
minimized with respect to yγ and zγ is given by 
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The vector w
�

 rotated in the opposite direction by the 
angles leading to the minimum of the target function

min ( , )y zI I γ γ′ ′= , is the estimate for the unity direction vector 
pointing towards the transponder: 
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(13) 

In other words, the algorithm searches for an AoA vector in 
3D space that, if the antenna accelerations are projected onto it, 
leads to a new vector, whose length best matches the negative 
tag accelerations relative to the antenna for all time stamps. 

Fig. 4 shows an example of a target function which was 
evaluated for a single data point (n�=�1). The antenna 
acceleration ,1aa

�

and the transponder at ,1atd
�

lead to a cone 
shaped minimum of the target function due to the rotational 
symmetry of the single antenna acceleration vector. One can 
imagine how the resulting cones for multiple data points can 
lead to an unambiguous minimum at the transponder direction 
if the directions of ,a ia

�

differ for at least three timestamps. Thus 
antenna acceleration vectors which point in the same direction 
generate redundant information that will not improve the Figure 3. Basic geometry of a measurement situation in which an RFID tag 

is interrogated from the moving reader antenna. 
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tracking capabilities of the synthetic acceleration aperture. This 
effect is similar to using the same positions at multiple 
timestamps when forming a normal position based synthetic 
aperture. 

In this paper we use a grid search to find the angles of 
rotation leading to min .I  Errors arise from the search grid 
density over yγ and zγ which lead to a lower boundary for the 
RMS angle error, via: 

 

2 2

,RMS ,
12 12

y z
gf

γ γΔ⎛ ⎞ Δ⎛ ⎞

= +⎜ ⎟ ⎜ ⎟
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(14)

 

with ,y zγΔ being the angles between adjacent grid points. More 
advanced algorithms with lower computational costs compared 
to the achievable accuracy can be applied to determine the 
target function minimum. 

V. SIMULATIONS AND ERROR DISCUSSIONS 

We carried out simulations to estimate the accuracy of the 
algorithm for possible application scenarios. We assume that 
the antenna is attached to a device which is moved in all spatial 
directions following a sinusoidal pattern with: an equal span 'L
in all Cartesian directions, the swaying frequencies ,s xyzf and 
random starting phases ,s xyzϕ� between 0 and 2π : 
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Measurement errors for the resulting phase accelerations 
and the antenna accelerations are represented by 
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with 

, , ,~ ( 0, ) and ~ ( 0, ),a xyz i xyz ia R a a R aϕ ϕμ σ μ σ= = ⋅ = = ⋅� �N N

 
where ia� are random numbers taken from a zero-mean normal 
distribution ,N xyza and aϕ are the mean acceleration values of 
the trajectories used and R is a scalar acceleration error factor. 
A linear drift over time of the antenna acceleration data, 
representing the acceleration error due to a false gravity 
correction, is represented by drifta . Measurements with the used 
IMU for no movement showed that the rotational drift driftω  is 
about 0.05 °/s which causes an drifta of 30.01m/s for small 
movement durations. Nevertheless the actual error model is 
more complex depending on the application, the sensor 
technology and the measurement time. 

The simulated RMS direction error RMSδΔ with 
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(18) 

is used for evaluating the simulation results. For each mean 
error, 2 000 iterations with random motions and random tag 
directions were evaluated for 2y zγ γΔ = Δ = ° leading to

, 0.82g RMSf = ° . The IMU and tag phase update rate is set to
50HzrR = and the swaying frequencies are equally distributed 

as ,1Hz 2 Hzs xyzf< < and different in all three dimensions. The 
trajectory span was set to ' 0.3mL = producing mean 
acceleration values 216m/sxyza = and 28m/saϕ = . 

Fig. 5 shows the error RMSδΔ versus the acceleration noise 
factor R evaluated for different movement times T. The 
following parameters were also set: 3mC

atd = and drift 0.a =
 

For low noise the RMS error is dominated by the grid error 
but still similar for the different measurement times. At higher 
random errors, increased measurement time produces 
comparatively smaller AoA errors since more data sets are 
evaluated, which leads to enhanced noise suppression and to an 
aperture with lower symmetry and correlation between the 
acceleration data points, which, is advantageous for reducing 

Figure 4. Target Function I for a transponder at the direction and a 
single acceleration data point As visible a single measurement cannot 

reveal the actual tag direction, since I reaches its minimum value along a cone 
shaped ambiguity due to the rotational symmetry of the acceleration vector. 

Figure 5. Simulated direction error versus acceleration error R for 
different motion time durations T and . 
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ambiguities known from array processing. The simulation 
results show that the proposed method is capable of 
determining the AoA with an accuracy of less than 4° for the 
above scenario if the acceleration errors are kept at moderate 
levels (R < 10 %). 

Fig. 6 shows the RMS error versus the antenna to tag 
distance described by the relation / 'd L according to (9) for 
different antenna acceleration drifts, 0.1R = and 4s.T = All 
other parameters were kept as before. It can be seen that the 
approximation made in (9) fails for small antenna to tag 
distances. However for typical reading distances greater than
1m the error remains below 5° for the described trajectory if 
drift errors are kept at normal levels. 

The simulations show that, as neither antenna velocity nor 
location have to be derived via integration, quite a high degree 
of robustness against accelerometer noise and drift is achieved. 

In real world applications however the phase error which 
causes a phase acceleration error also depends on multipath. 
Reflection and refraction lead to different travel distances for 
the backscattered signal and hence to a phase that deviates from 
the free space propagation model. 

A method for mitigating multipath effects using Doppler 
shifts is proposed in [15] for synthetic aperture applications. 
This approach could also prove useful for improving the 
method proposed in this paper. Using multiple carrier 
frequencies can also help suppress multipath effects. However, 
the reduced reading rate per frequency reduces the number of 
phase values available for reconstructing the phase 
acceleration. This is especially a problem if no proper phase 
unwrap can be applied to the phase values prior to 
differentiation. 

Additionally an angle-dependent antenna phase 
characteristic can introduce errors as well and should therefore 
be taken into account during antenna design. Also, only a 
certain zone can be scanned with a handheld antenna in most 
applications due to the angle-dependent antenna gain. 

VI. MEASUREMENTS 

The proposed method was evaluated with measurements 
using a self-designed low-cost inertial measurement unit with 
three gyroscopes and three accelerometers. The IMU was 
attached to the reader antenna with 8.5 dBi gain. The EPC 
Gen2 compliant RFID reader emits a signal at 866 MHz with a 
signal strength of 2 W ERP. 

Four RFID tags were placed at a distance of 3 m to the 
antenna. Two different test setups were evaluated, one in an 
anechoic chamber (Fig. 7) and the other in a room with several 
metal structures to foster strong multipath propagation (Fig. 8). 

The antenna was swayed several times for about 8-12 s 
providing about 500 datasets for each tag. We tried to perform 
similar movements to the ones used in the simulations stated 
under (15) with no intended rotations. The example in Fig. 9 
shows part of a single performed trajectory which produced the 
processed phase and antenna accelerations data displayed in 
Fig. 10. Fig. 11 shows the actual directions of the four RFID 
tags and the estimates of the direction vectors for several 
measurements. 

Figure 6. Simulated direction error versus antenna tag distance for 
different antenna acceleration drifts . 

Figure 7. Test setup with four RFID tags, antenna and IMU placed in an 
anechoic chamber. 

Figure 8. Test setup in multipath influenced environment with a metal wall 
on the right and a metal shelf behind the tags. 
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The RMS angle error according to (18) was 1.9° for the 
anechoic chamber test setup. In the second test setup including 
multipath, the RMS error increased to 5.1°. The unknown 
orientation between the IMU (b-frame) and the test 
environment (e-frame) described by the initial rotation 
quaternion 0q was determined with an initial gravity 
measurement and by removing the remaining mean azimuth 
offset over the four tags for each measurement. Thus part of the 
bias error caused by systematic effects was removed as well. 

A handheld reader used to guide an operator to a tag of 
interest can avoid the task of determining this relationship by 
using augmented reality technology. A handheld device 
equipped with a camera and a display could visualize the 
directions found in the pictures that were taken during the 
movement and present the result to the user [16]. 

VII. CONCLUSION 

A novel method for estimating the angle of arrival of 
standard UHF RFID tags has been presented. This method 
enhances handheld readers so they can guide the user to 
specific tags. As shown a short period of accelerated reader 
antenna movement is sufficient to retrieve an angle of arrival 
with an uncertainty well below 10° under multipath conditions.  
We are currently designing a revised IMU as well as an 
embedded online data processing system for improved 
synchronization between IMU and reader data. Another 
planned enhancement is the visual indication of the tag 
direction using an augmented reality approach. 
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